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Abstract 
In many machining processes cutting forces are of harmonic nature. The frequency content of these forces may extend
far beyond the closed-loop bandwidth of the commonly used feed drive controllers. In ball screw drives, high-
frequency disturbances may also originate from repetitive errors synchronized with the rotation of the ball screw. To
improve the track following and disturbance rejection performance of the controller at selected frequencies, the use of
Adaptive Feedforward Cancellation (AFC) method has been proposed in this paper. Tuning of AFC parameters for
achieving a good performance and robustness is discussed, and experimental results from high-speed tracking and
metal cutting tests are provided to demonstrate the effectiveness of the proposed method in cancelling out the effect of
harmonic disturbances. 
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1. Introduction  
Ball screws are frequently used in a wide variety of 
motion delivery systems.  They provide a relatively low 
cost solution for rotary to linear motion conversion with 
features such as high rigidity and inherent gearing ratio. 
These features are particularly appealing to machine tool 
designers and builders because they make the closed 
loop control of the system more robust against external 
disturbances. However, the existence of higher 
frequency vibration modes due to compliance of the 
screw shaft makes the design of a wide-bandwidth 
controller for the feed drive a challenging task. Over the 
years, a variety of control methods have been proposed 
in the literature to address this problem. Often times, 
these methods assume a two-mass model that adequately 
captures the first mode of vibration of the ball-screw 
drive. Active vibration damping techniques are then used 
to suppress this elastic mode.  
In this paper, the two-mass model has been used to 
develop a novel control strategy that decouples the 
control of the rigid-body motion mode from the elastic 
mode. This technique takes advantage of the fact that for 
a system of interconnected masses, the location of the
Center Of Mass (COM) is independent of the internal
elastic and damping forces, and only depends on the
external forces applied to the system. Therefore, elastic
vibration modes are not observable when the COM
location is used as feedback. This fact allows for
increasing the control bandwidth, and achieving superior
performance in terms of command following and
disturbance rejection.  
On the other hand, when disturbances occur at
frequencies beyond the control bandwidth, they can still
deteriorate the performance significantly. For instance,
micron-scaled repeatable non-uniformities in the ball
groove geometry, induces vibrations at frequencies
corresponding to integer multiples of the rotational
speed of the screw shaft. Therefore, when the drive is in
high speed motion, the frequency of the generated
disturbances can lie beyond the bandwidth of the
controller. Misalignments and grating errors in the
encoders may also have a similar effect.  
Cutting forces in machining operations such as
milling are another example of disturbances with high
frequency content. In this case, the best that a typical
servo controller can do is to counteract the average value
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of the cutting force, while leaving the high frequency 
components unaccounted to cause vibrations and 
positioning errors. 
This paper adopts an adaptive harmonic cancellation 
scheme, and combines it with a novel modal 
decomposition control technique to achieve accurate 
command following performance when the drive is 
subject to disturbances of high frequency. Following a 
brief literature review, the design methodology, and 
experimental results are discussed. 
2. Literature review 
The problem of controlling the load side position in a 
two-mass model has attracted the attention of many 
researchers since 1990’s. Model predictive control 0, 
adaptive sliding mode control 0, and pole-placement 
control 0 are few examples of the sophisticated methods 
that have been proposed in the literature to address this 
problem. Although these methods have proven to be 
effective in terms of command following and 
disturbance rejection, their design and implementation 
needs a thorough knowledge of control theory, and 
therefore there has been a lack of enthusiasm in the 
industry toward adopting these techniques. This paper 
proposes a new method based on modal decomposition 
which leads to a simple design with only a few 
parameters to adjust. 
Suppressing harmonic disturbances is another subject 
of interest in many engineering fields. As explained in 
the previous section, the existence of high-frequency 
disturbances turns out to be very problematic in high-
precision control of ball screw drives. In order to 
suppress the disturbance effectively, the controller has to 
have a large open loop gain at the frequency of the 
disturbance. Methods such as internal model control 0 , 
repetitive control 0, 0, and Adaptive Feedforward 
Cancellation (AFC) 0 essentially provide infinite open 
loop gain at those frequencies. In internal model control 
and repetitive control, the open loop gain is infinite at 
the frequency of disturbance because the controller has a 
pair of imaginary poles at that frequency. Therefore, in 
these methods, it is assumed that the disturbance 
frequency is known and not varying. Then, the sampling 
frequency needs to be adjusted so that it is an integer 
multiple of the disturbance frequency 0. In AFC, on the 
other hand, the correction signal is not generated within 
the control feedback loop. Instead, an external block is 
used to adaptively estimate the magnitude and phase of 
the “equivalent” disturbance causing the harmonic error, 
and inject an appropriate cancellation signal into the 
control loop to cancel its effect out. Recently 0, it has 
been shown that when the AFC scheme is applied to 
reject disturbances of time-varying frequency, it is 
equivalent to a linear time-varying compensator. Based 
on this principle, a design technique similar to the one in
0 has been extended in this paper for improving the
dynamic accuracy of ball screw drives. 
3. Ball screw drive test-bed 
The ball screw setup is shown in Fig 1. The first axial
mode of the setup is at 133 Hz, and the first torsional
mode is at 420 Hz. The ball screw diameter and pitch are
both 20 mm. Feedback is provided both by a rotary
encoder mounted on the ball screw close to the motor,
and a linear encoder installed on the table. The ball
screw is actuated by a 3 kW AC servomotor through a
diaphragm type coupling. 
 
 
Fig. 1. Ball screw drive test-bed. 
4. Design methodology 
Fig 2 shows the overall control scheme. The ball
screw drive is treated as a Single-Input-Two-Output
(SITO) system. The main controller accepts as input a
reference trajectory for table’s position, as well as
feedback signals from rotary and linear encoders. An
adaptive feedforward controller has been implemented in
parallel with the main controller to improve the
disturbance rejection at selected frequencies. Since
successful AFC requires the closed-loop system to have
near-perfect tracking characteristics, the command
following bandwidth has been widened by a Zero-Phase
Error Tracking Controller (ZPETC), which realizes
stable inversion of the open-loop model, and a trajectory
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pre-filtering block that best estimates the tracking error 
from the time derivatives of the reference trajectory. As 
will be shown, injecting the estimated tracking error 
back into the reference trajectory further mitigates the 
following errors.  
 
 
Fig. 2. Overall control scheme including COM as main controller and 
AFC as a harmonic disturbance compensator. 
5. Center of Mass Controller 
The main controller is designed assuming a two mass 
model for the ball screw drive as shown in Fig 3. 
 
 
Fig. 3. Two mass model of the ball screw drive. 
In this model, the location of the center of mass is 
determined by: 
1 1 2 2
1 2
m x m xx
m m
+
=
+
  (1) 
If we neglect for now the effect of viscous friction 
forces external to the system (i.e. assuming b1 = b2 = 0), 
the acceleration of the center of mass turns out to be 
proportional to the input force (u) because the spring and 
damper forces are internal to the system and therefore 
have no influence on the location of the COM 0: 
1 2( )u m m x= +    (2) 
Eq. 2 describes the dynamics of a double integrator 
which is easily controllable. The idea here is to make the 
COM follow a trajectory ( )rx consistent with the second 
mass following the reference trajectory ( )rx . In order to
minimize the internal vibrations of the two-mass system,
a control force proportional to the velocity difference
between the two masses is applied to the system. To
show how this force will dampen out the elastic mode of
motion, we derive the transfer function from the input
force ( u ) to the displacement difference between the
two masses ( xΔ ). The equations of motion for this two-
mass system can be written as: 
1 1 1 2 1 2
2 2 1 2 1 2
( ) ( )
( ) ( )
m x u c x x k x x
m x c x x k x x
= − − − −
= − + −
  
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  (3) 
Multiplying the first equation through by –m2 and the
second one by m1 and adding them together gives: 
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1 2 1 2
1 2 1 2 2
( )
( ) ( )
( ) ( )
m m x x
m m c x x
m m k x x m u
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+ −
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  (4) 
Taking the Laplace transform of Equ. 4 yields: 
2 1 2 1 2
2 1
1 2 1 2
2
1 2 1
( ) ( )( )( )
1
m m c m m ks s X X
m m m m
m u u
m m m
+ +
+ + − =
− = −
  (5) 
Or: 
1
2 1 2 2
2
1
2 n n
mX X X U
s sζω ω
−
− = Δ =
+ +
  (6) 
Above, 
2 21 2 1 2
1 2 1 2
( ) ( )
,2n n
m m k m m c
m m m m
ω ζω+ += =   (7) 
Now we consider a simple active damping law that
injects a control force proportional to the velocity
difference between the two masses: 
  ( )d xu C U Cs X
dt
Δ
=  = Δ   (8) 
Substituting Eq. 8 back into Eq. 6 gives: 
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Eq. 9 shows that applying the active force described 
in Eq. 8 increases the damping ratio without altering the 
natural frequency of the oscillations. 
To better control the load side of the two-mass system 
and push the steady-state tracking error to zero, an 
integral controller was also implemented in parallel with 
the COM controller. Fig 4 shows the details of the main 
controller. To control the COM location, a PID 
controller is designed in this work. The gains of the PID 
controller are tuned simultaneously with the gain of the 
integral controller using the loop shaping method as 
detailed in 0. The controller is tuned to achieve a 
crossover frequency of about 115 Hz and phase margin 
of 35 degrees. 
 
 
Fig. 4. The architecture of the main controller. 
6. Trajectory Pre-Filter 
If Ge(s) represents the transfer function from the input 
trajectory to the tracking error, a third-order Maclaurin 
series approximation of it can be written as follows: 
2 3
( )
1 1(0) (0) (0) (0)
2! 3!
e
e e e e
G s
G G s G s G s′ ′′ ′′′+ + +
 
  (10) 
Because the controller is designed to ensure a zero 
steady-state tracking error to step inputs, the first term in 
RHS of Eq. 10 can be neglected. The remaining terms 
show that the tracking error can be obtained as a linear 
combination of the time derivatives of the input 
trajectory.  The coefficients of linear combination are 
determined by applying the least square method to the 
tracking errors of a single tracking experiment in which
pre-filtering is not used.  
To show how the compensation signal generated by
this pre-filtering block ( eˆ ) improves the final tracking
accuracy, we first show how the injection of this signal
influences the tracking error. If Gtrack is the tracking
transfer function of the closed loop system, the tracking
error of the uncompensated system will be: 
(1 )track r e re G x G x= − =   (11) 
After injecting the compensation signal, the tracking
error will be changed to: 
modified modified( ) ( )
ˆ( )
r track r
r track r
e x G x
x G x e
= −
= − +
  (12) 
Assuming eˆ e  : 
modified
2
2 2
modified
( ) ( (1 ) )
(1 (1 ))
(1 2 )
(1 ) ( ) ( )
r track r track r
track track track r
track track r
track r e r e r
e x G x G x
G G G x
G G x
G x G x G x a
= − + −
= − − −
= − +
= − = =
  (13) 
 
And because 1eG   :  
modified( )e eG G<   (14) 
Therefore, adding the estimated tracking error to the
reference trajectory attenuates the error transfer function. 
7. Adaptive Feedforward Cancellation 
The AFC controller takes as input the tracking error
and adaptively generates and injects a signal into the
closed loop system that cancels out the targeted
harmonics in the tracking error. Fig 5 shows the AFC
scheme when the frequency of disturbance is known and
constant. 
 
 
Fig. 5. AFC scheme. 
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The AFC controller has a gain (gn) and a phase 
advance parameter (ϕn) that has to be tuned for each 
targeted frequency (ωn). To tune these parameters a 
linear-time invariant equivalent of the scheme shown in 
Fig 5 is exploited 0: 
2 2
cos( ) sin( )( )
( )
n n n
n
n
sU s g
E s s
ϕ ω ϕ
ω
+
=
+
  (15) 
When thinking about the open loop transfer function 
of the system, it is possible to consider it as a serial 
combination of the AFC (Eq. 15) and a “new plant” that 
represents the combined effect of all other elements of 
the control system as shown in Fig 6. This viewpoint 
facilitates the selection of phase advance parameter, 
because as discussed in 0if the phase of the “new plant” 
at the targeted frequency is chosen as the phase advance 
parameter of the AFC, a 90 degree phase margin will be 
realized for the considered closed loop system.  
 
 
Fig. 6. A viewpoint of the open loop transfer function which is used in 
determining the phase advance parameter of the AFC. 
However, since the uncertainties in the plant model 
do not cause the same amount of uncertainty in the new 
plant, the obtained phase margin does not guarantee the 
stability of the system.  Therefore, when tuning the gain 
of the AFC, we turn our attention to a different 
viewpoint for the open loop transfer function as shown 
in Fig 7. Here, the uncertainties in the plant model 
directly influence the phase of the open loop transfer 
function. So, the AFC gain is tuned in such a way that a 
desired phase margin is realized. In this work the gain 
was set to realize a phase margin of 30 degree. 
 
 
Fig. 7. A viewpoint of the open loop transfer function which is used in 
tuning the gain of the AFC. 
8. Experimental Results 
In order to verify the effectiveness of the AFC 
method in rejecting harmonic disturbances due to lead 
errors, high-speed tracking experiments were carried out 
on the ball screw setup. In these experiments, the COM 
controller was the main controller, and a jerk-continuous
motion of 340 mm with 1 m/s velocity was commanded.
As can be seen in Fig 8, using AFC in parallel with the
main COM controller mitigates the harmonic
components of the tracking error significantly. 
 
 
Fig. 8. Contribution of AFC to the dynamic accuracy of the ball screw 
drive (a) comparison in time domain, (b) comparison in frequency 
domain (targeted frequencies: 1/rev & 2/rev). 
The AFC technique was also used, this time with a
Pole Placement Controller (PPC), to compensate for the
effect of periodic cutting forces during machining. Here,
it was observed that the frequency content of the
disturbance force was concentrated at the first and
second multiples of the spindle frequency (50 and 100
Hz), as well as the tooth-passing frequency (200 Hz).
Therefore, these frequencies were targeted for
compensation. Again, the experimental results showed
the effectiveness of the designed AFC in reducing the
translational tracking errors (Fig 9). 
 
 
Fig. 9. Contribution of AFC when machining aluminum 6061 with a 4-
flute cutter at 3000 RPM spindle speed and 10 mm/s feed 
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